Evolutionary transitions to a social lifestyle in insects are associated with lineage-specific 36 changes in gene expression, but the key nodes that drive these regulatory changes are unknown. 37 We examined the relationship between social organization and lineage-specific microRNAs 38 (miRNAs). Genome scans across 12 bee species showed that miRNA copy-number is mostly 39 conserved and not associated with sociality. However, deep sequencing of small RNAs in six bee 40 species revealed a substantial proportion (20-35%) of detected miRNAs had lineage-specific 41 expression in the brain, 24-72% of which did not have homologs in other species. Lineage-42 specific miRNAs disproportionately target lineage-specific genes, and have lower expression 43 levels than shared miRNAs. The predicted targets of lineage-specific miRNAs are not enriched 44 for genes with caste-biased expression or genes under positive selection in social species. 45 Together, these results suggest that novel miRNAs may coevolve with novel genes, and thus 46 contribute to lineage-specific patterns of evolution in bees, but do not appear to have significant 47 influence on social evolution. Our analyses also support the hypothesis that many new miRNAs 48 are purged by selection due to deleterious effects on mRNA targets, and suggest genome 49 structure is not as influential in regulating bee miRNA evolution as has been shown for 50 mammalian miRNAs. 51 52 specific 54 55 57
INTRODUCTION
criteria: no rRNA/tRNA similarities, minimum of five reads each on mature and star strands of 148 the hairpin sequence, and a randfold p-value<0.05. Randfold describes the RNA secondary 149 structure of potential precursor miR (pre-miRs) [28] . 150 151 We used these filtered miRNAs in a second run of detection and quantification, repeating 152 the pipeline above after adding mature sequences of novel miRNAs from each species to our set 153 of known miRNAs. This allowed detection of homologous miRNAs (based on matching seed 154 sequences) not represented in miRBase across our species. We applied the same set of filtering 155 criteria as above. 156 We also tested datasets identifying genes under selection in bee species [32, 44, 45] or 194 across social lineages of bees [4, 46] for enrichment of lineage-specific miRNA targets (Table   195   S5 ). When necessary, we used reciprocal blastp (evalue<10e -5 ) to identify orthologous genes, 196 and only genes with putative orthologs were included. Hypergeometric tests (using phyper in R) 197 were used to test for over-or under-enrichment between each pair of lists. The representation 198 factor (RF) given represents the degree of overlap relative to random expectation (RF=1). RF is 199 calculated as RF=x/E, where x is the number of genes in common between two lists and E is the 200 expected number of shared genes (E = nD/N, where n is the number of genes in list 1, D is the 201 number of genes in list 2, and N is the total number of genes.) 202 203
RESULTS

204
Low levels of miRNA copy-number variation among bee genomes 205 Our genome scans revealed very little variation in copy-number of most miRNAs. Of the 206 50 miRNA Rfam accessions, half had the same number of copies (1 or 2) in all 12 bee genomes 207 (Table S6 ). The mean copy-number across all miRNAs in all bee genomes was 1.19±0.74. One 208 exception was miR-1122, for which we found 70 copies in M. genalis, but no copies in the other 209 species. We did not find any significant associations between miRNA copy-number and social 210 organization (Table S6 ).
212
Expressed miRNA diversity in bee brains 213 We identified 97-245 known and novel miRNAs expressed in the brains of each of our 214 six species (Table S7 ). The majority of these were intergenic or within introns (Table 1) . Each DNA ( Table 1) . Most of the overlap between miRNA precursors and repetitive DNA 217 corresponded to uncharacterized repeat elements, with few overlaps with well-characterized 218 transposons or retrotransposons (Table 1) . Variation in number of expressed miRNAs in each 219 species was not related to observable technical variation, such as sequencing center, number of 220 reads, number or proportion of reads mapped to the genome, or type of sample from which they 221 were obtained (Table S2 ). This variation in number of expressed miRNAs is similar to that found 222 in other groups of species with shorter divergence times [47] .
224
Most detected miRNAs in each species had known homologs in at least one other 225 species. However, each species had a substantial proportion (20-35%) of detected miRNAs with 226 lineage-specific expression in the brain (Table 1 ; Fig. 1 ), 24-72% of which did not have any 227 known homologs in other species (Table 1) . We defined lineage-specific miRNAs as those with 228 lineage-specific expression and with no seed match to a known mature miRNA (Table 1, 229 columns 6-7), because these show the most evidence of being real miRNAs that are unique to a 230 particular species. (Sequence similarity of pre-miRs in other bee genomes is not evidence that a Table S5 ).
Eusociality is a major evolutionary innovation that requires regulatory changes in a wide 287 range of molecular pathways [1] . We tested the hypothesis that miRNAs play a role in the 288 evolution of eusociality via their regulatory effects on gene networks by comparing miRNA 289 expression in three eusocial and three solitary bee species from three families. Our results 290 provide very limited support for this hypothesis.
292
We identified a single miRNA (miR-305) that was expressed exclusively in the brains of 293 social bees in our study. The presence of this miRNA in the solitary bee genomes suggests that 294 an evolutionary shift in expression pattern may have accompanied at least two independent 295 origins of eusociality in bees. This miRNA coordinates Insulin and Notch signaling in D. 296 melanogaster, both of which are important regulators of social dynamics in insects [48] [49] [50] . 297 Interestingly, miR-305 is also upregulated in worker-destined compared to queen-destined honey 298 bee larvae, and may thus play a role in caste differentiation [20] . Further investigation with 299 additional social and solitary species is necessary to determine if this miRNA is expressed 300 exclusively in the brains of social species and how it may influence social behavior.
302
We focused attention on miRNAs for which no mature miRNAs with seed matches were 303 detected in any other species, because these may influence the lineage-specific patterns of gene 304 regulatory changes previously shown to influence social evolution [3, 4] . We hypothesized that if 305 novel miRNAs are inserted into existing gene networks that become co-opted for social 306 evolution, they should target genes that are highly conserved. Instead, we find that targets of ancient genes that have multiple functions and broad expression patterns, which may facilitate 378 persistence of emergent miRNAs by increasing their expression repertoire [54, 55] . In our study, 379 lineage-specific miRNAs did not differ from previously identified miRNAs in their genomic 380 locations in all but one species (N. melanderi). We also do not find a consistent pattern between 381 new miRNAs and host gene age, even though a similar proportion of bee miRNAs are located 382 within introns (31-43%; Table 1 ), compared to in vertebrates (36-65%) [8] . However, the fact 383 that 73-88% of bee miRNAs localized to genes are encoded on the sense strand suggests that 384 they would benefit from host transcription, as is observed in vertebrates [8] . Additional research 385 with insects will be necessary to identify general patterns of miRNA evolution in relationship to 386 genome structure.
388
Our study identifies patterns of miRNA evolution in a set of bees that vary in social 389 organization, and highlights important similarities and differences in the emergence patterns and 390 functions of mammalian and insect genomes. We find no evidence that emergent miRNAs 391 function in lineage-specific patterns of social evolution, but we do find evidence of potential co-392 evolution of novel miRNAs and species-specific targets. We do not see an overall increase in the 393 number of miRNAs in the genome or expressed in the brains of species with more complex 394 eusociality. However, we do find one miRNA (miR-305) expressed in the brains of social, but Fig. 1. Diversity of miRNAs expressed in the brains of six bee species. The three types of 587 homology (shades of grey) correspond to those in Table 1 . Black -has not been previously lineage-specific miRNAs are more likely to be unique to each species than predicted by chance.
601
Pie chart size is scaled to number of predicted target genes for lineage-specific miRNAs, but not 602 for all genes. Color slices indicate orthogroup age for each predicted gene. The green slice 603 (lineage-specific genes) is larger for the set of genes predicted to be targeted by lineage-specific 604 miRNAs than for all genes. Table 1 . Localization of miRNAs in the genomes of six bee species. Numbers not in parentheses represent features on the same strand as the pre-miR. Numbers in parentheses indicate strand mismatch. Some pre-miRs overlapped with one or more genes on both the same and opposite strands, and are thus counted twice (A. mellifera and M. genalis -1, B. impatiens -5, B.  terrestris -4, N. melanderi -3) . Seed match -Mature miR had a seed match with a known miR; Pre-miR -Successful blastn hit to the pre-miR sequence in at least one other bee genome; Unique -No homolog was found in other species (seed match to mature or blastn hit to pre-miR). 
